showed clear Z-contrast. The rim structure near the CFO-CGO grain boundary was also found in the one pot derived CGO-CFO composites, and only nano-sized CGO and CFO grains but no GdFeO 3 -related phases were found in the rim structure (f) showed obvious diffraction scattering effect, indicating the formation of nano domains related to the defects dissociation/association 2 . Scale bar is 2 nm.
. It should be mentioned that the total electrical conductivity of CGO-CFO with volume ratio of 35.4:64.6 shown in this figure is several times higher than CGO-CFO with volume ratio of 83.3:16.7 and 68.6:31.4 prepared by the same one pot method at 300 o C in air. The total electrical conductivity of CGO-CFO6040 and CGO-CFO5050 prepared by powder mixing method is much higher than those prepared by one pot method (see Supplementary Table 4 for more details).
Supplementary Figure 14.
Relationship between oxygen permeation fluxes and the reciprocal thickness of CGO-CFO6040 membrane at different temperatures. Membrane thicknesses are 1.57, 1.00, and 0.40 mm, respectively. Feed gas: 150 mL/min air; Sweep gas: 60 mL/min He. Both sides of the membranes were coated with CGO-SSC catalyst. Ref [1] x=16.7
Supplementary
Ref [1] x=31.4
Ref [1] x=64 Supplementary Note 1 Z avg of different phases in all the composites is calculated based on the quantification results (Supplementary Table1-3) . The average atomic number (Z avg ) of an oxide phase with ideal oxygen stoichiometry as A x B y O z was calculated using the following equation:
where x, y, and z represent the atomic element ratio of the A, B cations and oxygen. Z A , Z B , and Z O are the atomic number of the cations and oxygen. Specifically, the atomic element ratio was based on Table 1 -3 and the atomic numbers were 58, 64, 27, 26, and 8 for Ce, Gd, Co, Fe and O. If there is no oxygen non-stoichiometry, the ideal z will be 1.5 in both perovskite (ABO 3 ) and garnet (A 3 B 5 O 12 ) when x+y=1 (Supplementary Table 1 , 2, and 3). The calculated Z avg of GFCCO shown in these tables were obtained under this assumption, and are lower than those of their corresponding CGO phases, which is apparently not the case considering their higher Z-contrast than those of CGO. The only explanation is that there is actually a certain oxygen non-stoichiometry (δ), which can significantly affect their Z avg because oxygen has a much smaller atomic number than those of the main elements Gd, Ce, Co, and Fe. Therefore, a high level of oxygen deficiency should exist in all the GFCCO phases in order to show higher Z-contrast than the CGO phase. 
For GFCCO5050, 6040, and 8020, the calculated c is ~30%, ~32%, and ~20%, respectively. Please note these values are the least oxygen vacancy concentration in GFCCO phases to make their Z-contrast higher than those of CGO.
